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MEANS FOR FIELD CONTROL IN PERMANENT 
MAGNET ELECTRIC MACHINES 

by Vlado Ostovic of Weinheim. Geimany 

^ TECHNICAL FIELD OF THE INVENTION 

The present invetrtion relates generaUy to electrical machines, and more particularly, to 

synchronous machines with permanent magnets. 

BACKGROUND 

Synchronous machines with permanent magnets find application b various electric drives 
fed from inverters due to their high effici«.cy and no need for rotor coolina. These two 
advantages, along with minimum rotor maintenance need (no slip rings and brushes), make a 
permanent magnet (PM) synchronous machine the choice number one in numerous applications, 
when compared with a wound rotor synchronous machine. 

Th^ better utilization of rotor volume in a PM machine has. however, a price. The 
induced voltage in the stator winding of a wound rotor synchronous machine can be controlled 
by the field cum^nt. This possibility does not exist in a conventional FM synchronous machine. 
Since the magnetisation of permanent magnets is constant When the speed of a wound rotor 
synchronous machine increases, its staior induced voltage can be kept constant or decreased by 
20 decreasing the field current. When, however, the speed of a PM synchronous machine increases, 
its stator induced voltage increases proportionally. At certain speed the stator induced voltage 
reaches the maximum allowed amount, determined by winding insulation properties and inverter 
voltage capability. Above that speed the drive cannot operate safely due to risk of equipment 
damage. 
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Another characteristic of a conventional PM synchronous machine is its constant number 
f poles. This is not always the case in a squirrel cage induction machine, the rotor of which has 
as many poles as its stator. By changing the number of stator poles in a squirrel cage induction 
machine, the number of rotor poles changes too, which enables machine generate torque at any 
3 pole number. This way, the speed range of a squirrel cage induction machine can be extended: 

- In a ratio 2; 1 with Dahlander connected stator winding; 

- In a ratio p : (p±2) with pole- amplitude modulated (PAM) stator winding, where p 

stands for the number of poles 

- In an arbitrary ratio with pole- phase modulated (PPM) stator winding with toroidal" 

1 0 coils, as shown in US Patent 5,977.679. 

On the Other hand, a conventional PM rotor has a rigid magnetic structure which does not 

allow any change of the number of poles. Therefore, the speed range of a conventional 

synchronous machine with PM rotor cannot be increased by changing the number of its poles. 

Any attcmpi lo cnaage the number of stator poles without changing the number of rotor poles of 
15 an electric machine results in machine malfunctioning. A PM machine with different number of 

Stator and rotor poles draws excessive cuirents from the source, without delivering any useful 

mechanical torque on the shaft. 

When loaded, a conventional PM synchronous machine demonstrates another 

shortcoming: the load currents in the stator winding create their own magnetic field whicn 
20 distorts the field of permanent magnets (armature reaction). S ince the field of permanent magnets 

has a constant ampHmde and is fixed to the rotor surface, the load current distorts the resulting 

air gap field This way, the stator bduced voltage becomes a function of the load current. 

limiting possible applications of a conventional PM synchronous machine as a generator. 
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StJMMARY 

preset. in»«ion is disced u, ov«con^g ^ P->»^^ «>«=^ " 
and .in...^ « in c»v««.on. PM n^. BKeH, — d, 

^U. ^ *.p. and .^i^e Of .na^-O « dl^ribu... ..on. d„ ™« ci«^ 

, ^ in inve^ion n.e»s .f c««.«.). Tt« con». c«enU.) c» flow only duHns 

^ in whi* . new n.ag.«ic «^ is c««i " p«n»ne«.y. When ^ ro.or 

^^o„ . oon^Ued by addi*™-. »^ ^""^ 

draws during res"l" only the load ouimt 

A ™»r of a „nch«,no« macMnebas i™. pole (0 and orn,o« -ngcnt^ay 

,„ ™^e«zed penn««n. n^e.s ,2, p, perpoU wi* diffe^n. »lia. dimensions. On .he suu.r 
^ . eonven^ona. AC windin. canies ^ ^ ' "P""*"' 

,«,„^„n phase ». «Mi«o»a. oon^nen. of s».or c»n«* provides ^ change of 

magnetiation direction inaportionoflongeriiMsnets. 

A rotor of. syncteono^ n«hin. has ™. i»» pol* sein«n.s (4). a pole pie=e<2*). and 
,5 . ...pezoidaUy shaped pan.ancn. m.^ (5) per po.. A conv««ional AC winding on .he s.a.or 
side carries d^ing . short period of .hne an addiHond current co^ponen. whi.i> r.nn«n..izes a 

. 1^ The radial height of the r«finagnetizcd magnet 
portion of the magoet closer to the rotor bore. The radial neien 

portion is proportional to the remagnetizing cuitent 

A rotcr of a sy^hronous nrachtae has optional sqnlrre. cage bars (25), alone wi* several 
„ trape^oidaily fo.n.«l iron yolc. segments <« and rectangular penoanen. n,a^ (7) per pole. 
Tte stator (8) is slotted, whereas the slots (9) carry a pole changhrg Dahiander winding, or a 
pol. ampUtude n,odul«ed (PAM, winding or a pole- phase moduiated (PPM, wiMing ^ 
^ereidsHeils, as described in US Patent 5,977,679. 
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Wh«. <1» ^ number of pote U ch»s«i. *. »t«or windtae draws «»por»ly an 
addWon^a compo.«.. of current which the rotor n^gnets ». such a »am..r that the 

n^ber of rotor poles U equal .0 the nun-bcr of s«.or poles. ^ opdonal rotor cage generate, 
.o^ewhichc»,bdngthe rotor into news,nchn...ous speed afterch».giag*en«>.ber.f poles. 

A rotor of . sjnchrouous ntachine has opdor^l squirrel cage ban, (26), .lottg with sevend 
iron yoke segment (1 0, ^ape^dsl P=n.aneut m.8»e,s (U) per pol. sO»r 
is slomi. whereas slots (13) carry apole changing Dahlander windmg, or .pole- atnplltude 
n-odulatcd (PAM) winding, or a pole- phase modulated (PPM) «u«Hng wirh^idal^ils. as 

described in US Patent 5,977,679. 

When the stator number of poles is changed, the stator winding draws tempor^y an 
addiUonal component of current which remagnetizes the rotor magnets in such a manner that the 
number of rotor poles is equal to the number of stator poles. THe optional rotor cage gene.ate3 
torque, which can bring the rotor into new synchronous speed after changing the number of 
poles. After changing the ntm^ber of poles, the stator winding can carry during a short period of 
\s tune on additional cur«ct component which ^magnetizes portions of the magnets closer to the 
rotor bore. The size of remagnerized magnet portion is proportional to the amplitude of 



A rotor 



remagnctizing current. 

of a synchronous machine has two magnets per pole, the main magnet (14) and 

the auxiliary magnet (15), as well as iron segments (16). The main magnet provides for machine 
20 excitation. The auxiliary magnet compensates for the armature reaction field created by the staler 

current, 

A n,tor of a synchronous machine has one magnet per pole (18), one iron segment per 
pole (19), and several independently driven coils per pole (17). The coil currents are chosen so to 
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^ .h. ^ fie.^ «hich ac« in 0.. direction ^ »-g«t field, or .0 be spatially 
siufted u, ^ m.^ Md to ftc fcnner o»o. fl« coil cm™. help» con«.l d.e amo>m. of 
toduocd voUBgc in tt« s«»r winding ■» *e 1«« ca.^ *e coil c»r™» c»> c^P^' f"r 

armature reaction of the stator wiixding. 

A B«or of a synchronoys machine M o« Bcg«uially (21) and one «liaUy (23) oHeutcd 
„^et p«- pole. 8ev.r;a indep=nd«Uy Aiven coils (20). and iron segment (22). TT-e tl«e 
sources of n««nefc flnx (t«« magnet, and coils) combine teir action in »=h a 

■ ' compensate for effects of Stator annature reaction. 

Tb^ and other aspects, objects, features and advantages of the present invention will be 
more clearly understood and appreciated Irom a review of the following detailed description of 
the preferred embodiments and appended cto. and by reference to the accompanying 
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drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Tliese and other features, aspects and advantages of the present invention will become 
15 better understood with regard to the following description, appended claims and accompanying 
drawings where: 

Fig. 1 is a view of a section of the totor lamination, showing iron pole segments (I), short 
pennanent magnets (2), and long pennanent magnets (3). The directions of magnetization of 
perman^ magnets are indicated with arrows. 

Fig. 2 is a view of a section of the rotor lamination, showing iron pole segments (4), 



20 



trapezoidal permanent magnets (5), and pole pieces (24). 
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Fig. 3 is a cross- sectional view of a portion of the stator and rotor lamination, showing 
iron segments of the rotor (6), rectangular shaped rx)tor pennanent magnets (7X optional squirrel 
cage bars (25), and stator (8) with stator slo fs (9). 

Fig. 4 is a cross- sectional view of a portion of the stator and rotor lamination, showing 
5 iton segments of the rotor (10), trapezoidal roior pennanent magnets (1 1). optional squirrel cage 
bars (26), and stator (1 2) with staior slots (13). 

Fig. 5 is aperspccHve view of a portion of the rotor core showing main field permanent 
magnets (14). auxiliary magnets (15). and rotor yoice soft magnetic material segments (16). 

Fig. 6 is a perspecrive view of a portion of the i^tor core showing compensation winding 
10 coils (17), main field permanent magnets (18), and rotor yoke segments made of soft magnetic 
material (19). 

Fig. 7 is a perspective view of a portion of the rotor core showing compensation windirig 
coils (20), main field permanent magnets (2 1 ), rotor yoke segments made of soft magnetic 
material (22), and auxiliary magnets (23). 

'5 DETAILED DESCRIPTION OF THE DRAWINGS 

Fig. 1, the rotor of a PM machine is buih out of pole segments (1), one or more short 
permanent magnets (2) per pole, and one long pennanent magnet (3) per pole. The magnets (2) 
and (3) are magnetized so that their flux goes through the rotor yoke segments as shown with 
arrows in Fig. 1. Wiih given magnetization directions, the sequence of poles on the rotor 
20 circumference is as usual, i.e. N - S ^ N - S - etc. The rotor structure in Fig. 1 enables discrete 
change of the induced voltage in the stator winding, as will be illustrated in the following 
discussion. 
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^ ^ly, fton. an ^vc^er ^ 

ficM c«««d b, n»gne« 2 ^ 3. Th. ».pU.^ «™< " 

„-h , m»«r, i.» m«n«ic Bid ™na^» P''*'" "''"-^ ""'^ 

^ plac^ do«r .o bore, wh^s *. n»^edzation of *e «. of n.|pc« (3). » 

of U„ whole P) -ain, on*»^ After fl» con™' cmren. 

drtv. *. fl« trough rotor poles in U» ™e di^cHon - befor. Tie of nra^eU (3) 
e^ser «, *e .o»r bore, te. *e one, s»o»d«l .«np.e.1y by poU (D. c-S.^ 

*eir n^gnetotion di,«:.ions in such a « fta. Aey now oppose fl« te of the 
,p„donnn«i«g) r«. of n«Ene» (3„nd =on,pie.e ^O-Y^' u.."" 8- 

produced by rotor ma^ets i. »na.l.r than before «Kl d» induced voltage in the atator winding 
- ,™ A lower indeed ™Bagc a. , given speed e„*lcs inot^se of the .«or speed without 
exceedmg the ma:iimuni aUowed voltage in the atator winding. 

F,g. 2. the induc«i votoge in a PM sypctaonoo. tnachin. can also b. contwUed 
contim^y. In order to provide a possibUity for ec^nons. or arbitrary change of the indncM 
^ voltage. «.e rotor has to be built as shown in Fig. 2. the soft iron pole segmenu (4, are 
suno^ded by tn^czoldal pennanen, n>.gne.s (5). The trapcaoida. form of permanent magnets 

^ enables variation of the radial height of temas-etized ^ion of magnets (5) as a fimction of the 

^ conttol current fbus. a. a given spe«. an arbitrary induced voltage in interv^ between 0 
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„d V„ «m be obtained only by contollms the an^Utude of the remagnetizing cwent If the 
pole piece. (24) ate made ottt of notl-tnagnetlo nuitetial, ™««e r««km to 

is minimized, 

Fie.3. a synchronous machine with PM rotor can operate at various munber of poles. 
5 Refaring to Fig. 3. each rotor pole contains optional squirrel cage bars (25). several trapezoidal 
iron segments (6). and rectangular permanent tnagnets (?), whereas stator (8) carries 
Dahlander, PAM or PPM winding in slots (9). 

When the machine shown in Fig. 3 is running at a given speed and with a given number 
of poles, the rotor magnets arc magnetized predominanUy in tangential d^^ 
.0 cage is not acUvc Immediately after the number of poles has been changed by the action of 
stator winding, additional component of stator current in reconnected stator windings, or 
cnrrentCs) in additional stator winding(s) wiU flow remagnetizing the permanent nuignets (7). 
thus setting a new number of poles in the rotor. This current generates a torque with rotor cage 
currents. Hie change of the number of rotor poles is caused by appropriate stator winding 
,5 reconnection, so that the mmiber of poles on the both sides of the air gap is equal. Ue 
remagnetizing component of the stator current flows only a short period of time, just ettough to 
change the diiection of magnetization in rotor magnets. 

Fig. 4. a PM synchronous machine that can operate with variable mimber of poles and 
variable induced voltage consists of a plurality of soft iron segments (10) per pole, a plurality of 
20 trapezoidal magnets (1 1) per pole, optional squirrel cage (26). and the stator (12) with slots (13), 
in which the winding is placed. The stator Dahlander. PAM or PPM winding can be recomiected 
mechanically and/or electronically, resulting in a new number of stator poles. The rotor structure 
in this figure can be considered as a combination of the rotor structures in Figs. 2 and 3. 
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, t 

• the induced voltage in the staior 

{« Fi« 4 is running at a certain speed, tue moucs- 

When the totor m tig. ^ » ™™ b • j The 

Kv .«mK«rily flowing conw.1 ""^ ^ 

^fag can be «.n«.«»i by to =.ay . portion 

.,0.^n..^i3™^-- 
, wteateMmbetofpolesoftheratorinf* 

staior wmoHig^ } -^^pA air eap field distribution 

r*5,*en.K^of.PMs,~b»no«^"«*»^'"'* 

. ^ ,a auxiliary field magnets (15). and 

of ttng««i.fly '>»"*''» »**<'*""'^ 

, ™»« n« Wto looded wi* siaor cm«« «• 8iv« power fictor, . PM 
«8 tan pole «g»=« (16). Wbc . ^ ™, fl« di»*uU» a. 

^ b«»i o. to PH»*1. h» ». ^-proved - 8=- 

given load and power fector. 

Pi^ 6 *. of . PM sy-bronou. «chi». »i.h «... fieU. 

.f ^. O:. p«n««« ™«n- 0*) -i »« - ^ <■"• 
Wbea *e c=n»o. ooiU are connected .0 ^ ma^-ic ^ 
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■ 

^^Mir field Bbatially shifted to the 

Wh« the coitol »ils '"""^ 

amaluK rcretlon ficW of 4» sutor cmreoo. 
^ Of co«», coiU (20. »^ 

^ 02, and ^Ually n,as»«izad p=«a«n. -agn^U (23^ The .nai. 



6. 



iyncbroi 



p.™««« n«n«s. 11- of P«cn.ed « Wl. cu. of 

^ nux can be -no-lfied ei*=r by r^na^on of pcnnanen. n^^ets. or by an acdon of 
co„„„»«n. -PK ^ Of p««^ n-bin^ b^v. ^ - ».up,e. 

^ winding. V. r^^^ "indings can be bum ^ after Dablander principie. or a. 
pole- an^U^de (PAM>. or pole- pbaa. n^^cd (PPM) ^ 

20 as described in US Patent 5,977,679. 

While *e iovcoHon has been d«aibed wi* pedicular refercoce « « P«fW 
e„,«din.en. i. be «nde.»od by *ose ««. m d.e a« *3. variona change. n,ay be made 

„d e^va^ts n»y be 3ubsau..cd for elen.en.. of ft= preferred embodiment ^ 
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ip«o^ cBtato Mpils of the inventioa 3« 
the true spirit and scope of the invention. 

^^*o.U.no.,..U.i.«..««ae«Hp«o„or^^c..»di.».K»». 
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